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EFFECTS OF ALTTITUDE ON TURBOJET ENGINE PERFORMANCE

By William A, Fleming

SUMMARY

Component and over-agll performance characteristlcs of several
turbojet englnes investigated at the NACA YTewls laboratory during the
past several years are summarlized in thls report to Indicate the effects
of altltude on turbojet engine performance. Dgba presented herein were
obtalned over a range of altibtude flight conditions in the altitude wind
tunnel and an altitude chamber, and slso over a range of inlet cond.i‘bions
1n compressor component installations.

A summarizatlon of daba for several englines shows that fallure of
turboJet engine performance to generalize for all altitudes is primarily
due to a decresse in compressor efficiency and corrected alr Plow with
reduced Reynolds number index and a reductlon in combustion efficlency
wlth increased altltude. Daba also show that, although engines of dif-
ferent design may have equal thrusts at sea level, the thrust can differ
by as much as 26 percent at an altltude of 45,000 feet. These differ-
ences, which are iIntroduced as a corrected engine speed effect, are
primexrily due to differences 1n compressor alr flow and efflclency char-
acteristics from one englne to another, The sdditional effects of
Reynolds number on the performance varlations with altitude from one
engine to another are of much smaller masgnitude than the corrected englne
gpeed effect.

IRTRODUCTION

The effect of altltude on turbojet sngine performance can be approx-
imated by the application of correctlon factors to the performsnce verl-
ables obtained at sea level. In the same manner, data obtalned at sev-
eral altitudes may be generalized or corrected to a refersnce altitude,
usually sea level. DPerformance varigbles thus treated are referred to
g8 "corrected” or "generalized"” performance, examples of whilch are
corrected engine speed N/-/6 and corrected net thrust F, /5. The
purpose of the factor & is to correct for the effect of ambien'b pres-~
gure on the density of the englne alr, and the purpose of the factor 6
is to correct for the effect of temperabure on the Mach numbers through-
out the englne for each rotor speed. Definitions of the factors & and
8, together with a complete 1list of corrected performence variables, are
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given 1n the appendix. One derlvatlion of these corrected performance i -
variables which utllizes the concept of flow simllarity is presented ' o
in reference 1.

In order to indlcate devliatlons Iln performesnce varlations with
altitude among a number of turbojet englnes and the causes of these .. N
deviations, thereby to provide a better understanding of the effect of g
altitude on turbojet englne performance, dats obtalned from investiga-
tions of several axial- and centrifugal-flow engines at the NACA Lewis
laboratory during the last seversal years are summarized 1n this report.
Discrepancles between actual englne performance at altitude and altltude
performance predicted fram sea-level data are critically examined for
the varlous englnes and the reasons for these discrepancies are traced
to particular englne com;gonents. In a.d.d.ition, the pronounced effect of
differences in compressor characterlstics from one englne to ancther on
the rate of thrust decay or varlation of maximum corrected engine thrust
with altltude ls also examlned. Data thus presented herein Include com- S
ponent and over-all engline performance obtalned 1n the altitude wind T
tunnel and an altltude test chamber, and compressor performance obtained j
In campressor installetions. _ .

APPARATUS =

Altitude wind tunnel. - The altitude wind tunnel In which some of -
the engines were investigated 1s a closed-circult return-type tunnel i
clrcular in croes gection-with & test section 20 feet in dlameter and
40 feet long. Auxiliary tumnel equipment, Includlng exhausters,
refrigeration system, and drive motor and fan, are used to simulate alti~
tude flight conditions. Engines belng investigated are generally mounted
in a fuselage or nacelle (fig. 1), which is comnected to a six-camponent
scale system by means of trumnlons at either side of the test sectlon.

Becauge 1t is desirable to simmlate flight Mach numbers greater
than those obbtainable wlth the tunnel fam, dry refrigerated alir from
the tunnel make-up alr system is Introduced through a duct to the englne
inlet. This air is throttled from approximately sea-level preszsure to
the desired total pressure at the englne inlet whille the static presaure
in the test sectlon of the tunnel ls maintained at the desired altltude
condition. With this operating technlque, the test-section pressure can
be reduced to correspond to altlitudes as high as 50,000 feet while the
gimnlated f£light Mach number 1s varied from zero to approximetely 1.0.
By the use of elther electrlc heaters or refrigeration colls ingtalled X
In the make-up air system, the engine-inlet tempersture can be varled
from 150° to -30° F. -

Altitude chamber. - The altltude chamber in which some of the
engines wore investigated 1g 10 feet in dlameter and 60 feet long. For
centrifugel-flow-engine installations, the chamber is divided into two
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sectionsg, an Inlet section and an exhaust section, separated by a steel
bulkhead located at the rear of the englne. TFor axial-flow-englne instal-
lations, an additlional bulkhead 1s instelled at the engline inlet, which
isolates the engine sectlon from the inlet section (fig. 2). With this
type of installatlion, small amounts of air are bled through a valve in
the forward bulkhead and exhausted through an opening in the rear bulk-
head to provide circulistion In the engine section. The englnes are
mounted on the trunnions of a thrust-measuring bed with the tail pipe of
the engines extending through the rear bulkhead into the exhaust section.
Freedam of movement for the englne at the bulkheads 18 provided in both
axial and radlal directions.

Ar at rem pressure ls supplied to the 1nlet section of the chember
through a supply line from the laboratory alr system. The temperaburs
of this alr can be varied from 85° to -50° F. In order to insure s
uniform velocity profile at the englne inlet, the air ls psassed through
a get of honeycomb vanes installed in the upstream end of the chamber.
The hot gasses discharged from the engine are removed from the exhaust
gsection of the sltitude chamber through a diffusing elbow and passed
through two dry-type coolers before entering the laboratory exhaust
system. The pressure ln the exhaust sectlon can be reduced o corres-
pond to altibtudes as hilgh ag 65,000 feet.

" Compressor componént inetallastions. - In the compressor component
lnstallations the compressor, which was drlven by a variable-fregquency
Induction motor through a gear box, was mounted downstresm of a stag-
nation chamber (fig. 3). Screens were fitted inbo the tank near the
midsection to remove any foreign particles and to lnsure smooth flow.
The inlet alr passed through a submerged adjusteble orifilice in the
Inlet ducting, into the stagnation chamber, and then into the compressor.
The alr leaving the compressor passed through a collecting chamber and
into the laboratory exhaust system. Compressor-Iinlet and -ocutlet pres-
gures weres regulated by butterfly throttle valves.

Inlet temperature and inlet pressure can be varled over the same
range ag In the altitude chamber. The inlet ducting, stagnation chamber,
and the compresgor were insulated to minimize heat transfer between the
working fluid and room sir. ) . .

Fnglines and compressors. - Data obtained with seven englnes and two
compressors are included in this report. The engines were designated as
A to G; engines A to D were axial-flow engines and englnes E to G were
centrifugal-flow engines. The two compressors opsrated in compressor
component installations were simllar to those for englnes C and F and
are designated as such, bubt were in stages of development dlifferent from
the ones used in the engines for the complete englne evaluations. Com-
pregsor C hed only 10 stages, whereass the compressor 1n engine G had
11 stages. Characterlstics of the engine components are suwmmarized in
the followlng table:
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Engind Compressor Cambugtor Turbine Air flow | Compressor .
at rated. | pressure
geg-~level ratio
conditlions| at rated
(1b/sec) | sea-level
cond.itions i
A 12-gtage 8 tubular type Single gtage 94 5.1 &
axisl through flow 5
B 1l-stage 8 tubular type Single stage 85 4.8
axial through f£low ..
8] 1l-stage double annular Two-stage 58 3.8 i B
exlal type through flow
D 1l-stage 8 tubular type |Single stage 73 4.0 o
axlal through flow
E double entry| 14 tubular type Single stage 78 4.0
centrifugal | through flow
F double entry|l4 tubular type |Single stage 920 4.6
centrifugal |through flow
G single entry| 9 tubular type Single stage 91 4.4
centrifugal | through flow
IRSTRUMERTATTION

For the full-scale englne investigations, total and statlc pressures

and indicated temperature were messured st the Inlet and outlet of each
campanent, except at the turbine inlet, where gensrally only the total

Pressure was meagured.

Sketches of survey rakes typical of those

Installed at several circumferential positlons at each station In the

engines are shown in figure 4.

Engine air fiow was determined from

the compressor-inlet instrumentation on the axial-flow éngines and
with the tail-pipe-outlet instrumentation on the centrifugal-flow

engines.

For the compressor component installations, pressure and tempera-

ture were measured in the stagnation chaumber to determine the state of

the inlet alr.

Compresscr-outlet measurements were made with instru-

mentation similar to that used in the full-scale engines Compressor

alr flow was measured by a submerged adjustable orifice located _in a
straight section of the inlet ducting upstream of the stagnation
-chamber.
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FPROCEDURE

When the engine performence datae were belng obtailned, the engine-
Inlet total pressure and temperasture and the exhaust-section or tunnel-
test-section static pressure were set to correspond to the desired flight
conditions for an NACA standard atmosphere, assuming complete free-stream
ram pressure recovery at the engine inlet. The engine speed was then
varied from the minimum to maximum value and both over-all and component
performence dasta were obtained simultaneously. At each rotor speed inves-
tigated in the compressor component Installation, the inlet-air tempera-
ture and pressure were msintsined constant and the air flow was varied
from the maeximum obtaineble with the laboratory alr system to the polnt
Just preceding surge. Surging was detected audibly asnd by observing
fluctuations on the pressure measuring manometers.

Methods of calculeting each of the performance variables presented
herein are discussed in the appendix.

RESULTS AND DISCUSSION
Effects of Altitude on Generalized Performance

When turbojet engine performance obtained at several altitudes was
generalized to standerd sea-level conditions by use of the correctlon
factors & and 6, 1t has been found that data cbtained at high altitudes
often deviate from those obtained at lower altitudes. An example of the
types of deviatlons encountered with generalized englne performance is
shown in figures 5 to 8, where performance data obtained at severasl 21ti-
tudes with an axial- and a centrifugel-flow engine, engines B and F,
respectively, (references 2 and 3) are corrected to standard sea-level
conditions.- These data, which are typlecal of most current axial- and
centrifugael~flow engine performence, show that applicatlon of the temper-
ature and pressure correction factors €& and & falled to generalize
each varisble to a single curve. As indicated in these figures, the
effects of altitude on the performance varlebles often became apparent
only ebove altitudes of 30,000 to 40,000 feet. It is these secondary
effects at high altlitudes which wlll be of primery concern Iin the suc-
ceeding discussion.

With respect to the efflects of altitude variations at a given, cor-
rected engine speed, an increase in altitude raised the corrected net
thrust of the axisl-flow englne and reduced the corrected thrust of the
centrifugsl-flow engine (fig. 5). For the other performance verisbles
presented, an lncrease in altitude resulted in a decrease in corrected
air flow (fig. 6), an increasse in corrected specific fuel consumption
(fig. 7), and an increase in corrected turblne-outlet temperature (fig. 8)
for both engines.  For a full understanding of the basic causes of these
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altitude effects, it becomes necessary to trace the effects to their
origin by exemining the altitude performance of each engine component.

Effect of Inlet Conditions on Component Performance

Generalized dats sre presented showing the performance of each com-
ponent over a range of inlet conditions 1n order to isolete the components
affected by eltitude. For each camponent, data for e number of engines
were selected to show that the trends are. typical of current engines.

Compresgor. - The typlcal effect of altitude on compressor perform-
ance characteristics is illustrated in figure 9, in which performance
maps are presented at two different compressor~inlet total pressures for
the axial and centrifugal compressars of engines C and F operated
in compressor component installstions.  The effect of inlet pressure
on the variation of compressor pressure ratic with corrected air
flow 1s shown for both compressors at three corrected compressor
speeds with constant-efficiency .contours superimposed. The reduction
in inlet pressure shifted the constant compressor speed lines and
efficiency contours as shown in_the figure. “Unpublished data further
indicate that the peak efficiency of these compressors decreased ’ ’
as inlet pressure was reduced. . ... . L. ... L ... L

In order to lndicate further effects of inlet pressure and to show
the effect of inlet tempersture, variations of compressor effiliciency and
corrected alr flow with inlet total pressure are shown in figure 10 for
engine A (reference 4) at a constant corrected compressor speed, pressure
ratio, and two Inlet.total temperatures. Lowering either the inlet pres-
sure or raising the inlet temperature resulted in reductions in both i
efflciency and corrected sir flow.

It has been found that these effects of altitude or inlet pressure
and temperature on compressor performasnce cen be traced to an effect of
Reynolds number on flow through compressors, as discussed in reference 4.
These effects on performsnce are introduced by the shift in flow trans-
itlon region on campressor blades with variation in Reynolds mumber in a
similar manner to the well established shift in flow trensitlon region
on lsolated airfolls. The effect of this shift in flow transition region
wlth reduced Reynolds number was $0 reduce the air flow handling capacity
and efficiency at a -given corrected speed and pressure ratio in the manner
illustrated in figures 9 and 10 for reductions in iniet pressure and
increases in inlet temperature. . _ '

The association af Reynolds number wlth these effects is further
illustrated by a correlation of the compressor performsnce of engine A
with Reynolds number index, as shown in figure 11 for three corrected
compressor speeds. For convenience, the parameter Reynolds number Iindex

9283
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is used in place of Reynolds number because of the difficulty in select-
ing corresponding dimensions on which to base Reynolds number for use in
comparing axial- and centrifugal-flow compressors. The relation between
Reynolds number index and Reynolds number, as developed in reference 5,
i1s included in the sppendix. Data for each speed were obtained at two
widely different velues of inlet tempersture; inlet pressures were selec-
ted for each temperature such that Reynolds number index remained con-
stant. Albthough the independent variations of inlet temperature and
pressure shown in figure 10 had a msrked effect on performance, selecting
the combingtion of inlet pressure and tempereture so as to meintain
Reynolds number Index constant resulted in satisfactory correletion of
the deta. This correlation is typical of that illustrated by additionsl
data Included in reference 4 for a wide range of inlet pressures.

Varistion of corrected sir flow and efficiency with Reynolds number
index is shown in figure 12 for five compressors (A, reference 6; C, ref-
erence 7; D, reference 8; E, reference 9; and F)} operating at rated
corrected compressor speed and constent pressure ratio. The decrease in

corrected silr flow and efficlency was evident for esch compressor, although

the effect was more pronounced with some compressors than with others.
Such a pronounced Reynclds number effect on the performance of current
turbojet compressors is an importent factor contributing to the secondary
effects of altitude on over-all engine performance. This relation will
be discussed more fully in a later section.

Turbines. ~ Any altitude effects on turbine performence might also
be expected to originate from variations in Reynolds number. Because the
pressure end temperebture, and consequently Reynolds number index, at the
iniet of a turbine instaelled in an engine vary with engine speed at a
given £flight condition, it becomes most expedient to compare the data on
the basis of engine-inlet total pressure rather than turbine Reynolds
number Iindex. ’

The effeet of engine-inlet total pressure on the performance of the
turbines in four engines (A, reference 10; B; D, reference 1l; and F) is
shown in flgures 13 and 14. In no case was there any effect of iniet
pressure on the corrected turbine gas flow. Turbine efficiencies were
also unasffected except that with very low engine-inlet pressures, 181
and 262 pounds per sgquare Toot, the efficiencies of turbines B and F

were reduced by l% to 3 percent. At these very low inlet pressures,

which correspond to turbine Reynolds number indices in the region of

0.08 to 0.13, Reynolds number effects sre becoming apparent in the Hur-
bine. Beécause these effects were apparent only at engine-~inlet pressures
which would be encountered at altitudes sbove about 50,000 feet, the per-
formance of current engines operating up to this altitude should be
essentially unaffected by Reynolds number effects on turbine performance.

’
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Combustor. -~ Because the exsct mechanism of combustion in a turbojet
combustor is not yet fully understood, nco technique for generalizing cam-
bustor performasnce is universslly accepted. Attempts have been made to
generalize the data by plottlng combustor performence, that is combustion

P, - P
efficlency 1, &nd total-pressure-loss ratio —Eﬁ———é, as functions of
4

corrected engine speed. N/w/ 2, 88 in reference 12. One experimentor
(reference 15) developed a correlation of combustor performance in which

PoT
combustion efficiency was a function only of —%—g. Others working with

2

combustor performance have employed still different techniques which were
basically similar to these. Thus far, however, no technique has been
found which willl satisfactorily generalize the combustor performance of
a large number of different englnes.

Because no sstisfactory generalizing technlques are known, the com-
bustor data hereln are presented to show the effect of altitude or pres-
sure on performance, with no attempt to generslize the data. Combustion

P - P
efficiency and combustor total pressure loss ratilo —Eﬁ——ié are shown

2

as functions of engine-inlet total pressure at three corrected engine
speeds in figures 15 and 16, respectively, for four engines (A, refer-
ence 12; B; C, reference 14; and F). As englne-inlet pressure is varied
at a constant corrected engine speed, the combustor-inlet corrected
veloclty V2/1/ and corrected temperature Tz/e remain essentially

constant; eny smell veriations have a decilded secondary effect on com-
bustor performance. : )

The variastion of combustion efficiency with engine inlet total pres-
sure (fig. 15) 11lustrates. the characteristic decrease In efficiency with
reductions in both engine inlet pressure and corrected engine speed. As
shown, ‘the effects of both pressure and corrected speed differ greatly
from one engine to snother; little effect on the combustion efficiency
was noted in engine A as compared with the other engines. The decided .

reductions In efficlency at reduced corrected speeds and inlet pressures

significantly increase the specific fuel consumption of engines at high

altitudes. Also, the large dlifferences in these effects from one engine '

to another account for similar differences in specific fuel consumption
among engines at high altitudes, although the sea-level values may be
the same. '

There was little effect of inlet pressure on the combustor total-
pressure-loss ratio (fig. 16). The total-pressure-loss ratic decreased
slightly as inlet pressure was reduced, ekxcept for engine F, which

exhibited the opposite trend. These trends, which in each case smounted

to less than a l-percent reduction 1n total pressure, are considered of

N e

i
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secondery importance, since s combustor total pressure loss of 1 percent
wlll reduce the thrust and increase specific fuel consumption by about

1 percent. Reductions in corrected speed from the rsted veslue to 80 per-
cent of rated speed increased the total pressure loss by as much as

2 percent in some cases, although the pressure~loss retlo of engine B

was reduced slightly. These trends with corrected engine speed similarly
influence the variation of specific fuel consumption with corrected speed.

Exhaust system. - Changes in the swirl angle of the flow leaving the
turblne with engine operating condition or changes in Reynolds number
affecting the flow separation from the walls of the tall pipe can affect
the total pressure losses through the exhsust system. Since these total
pressure losses are reflected by reductions In Jet thrust, the pressure
loss across the exhaust system can be represented in terms of the ratio
of measured to theoretical Jjet thrust, where the measured thrust is
obtalined from balance-system messurements and the theoretical thrust is
based on the total bressure, total temperature, and gas flow entering
the exhsust system. In order to indicate whether engine operating con-
ditions or Reynolds number affected the flow through the éxhaust system
of the engine, the ratlo of measured to theoretical jet thrust was
plotted as a function of pressure ratlio across the exhaust system for
two engines (A and C) at several ambient pressures (fig. 17). These
data cover a wide range of engine operating conditions, including vari-
ations in both altitude and engine speed., Although the scatter of the
deta was failrly large, there were no evident trends of Jet thrust ratio
wlith ambient pressure; consequently, it is concluded that the flow through
the exhsust system was u.na.ffected by erngine operating condition or
Reynolds number.

Effect of Compregsor and Combustor on
Generallzed Engine Performance

The compressor and combustor were shown to be the only components.
which had silignificent performsnce variations over a wide range of altl-
tudes. The manner in which these component,performance varietions are
reflected in the over-sll englne performance are next consldered.

The ghift in compressor operating polint with altitude for e given
compressor Mach number is developea in figures 18 and 19 for an axial-
end e centrifugel-flow compressor (engines B and F, respectively). The
shift in compressor corrected speed line with altitude, which was pre-

" viously discussed, is shown in Pigures 18(a) and 19(a).

A compressor being run in an engine will operate at only one pres-
sure ratio and air flow for any given speed and altitude; consequently,
as the engine speed is varled the compressor operates along an opersting
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line which passes through the compressor-characteristic map. With an
increase in altitude; the operating lines for both compressors shifted
to higher pressure ratlos at a given corrected air flow (figs. lB(b)
and (19(b)). This upward shift in the operating lines results from the
reduction in compressor efficiency at sltitude; more power from the tur-
bine per pound of alr flow is then required to drive the compressor. The
interaction of the compressor, turbine, and fixed-ares exhaust nozzle
resulting from this increased demand on the turbine requires that the com-
pressor pressure ratic at any given corrected air flow be increased to
meintain an equilibrium opersting condition.

Superimpoeing the corrected compressor speed and operating lines
for each compressor (figs. 18(c) and 19(c)) gave the operating points at
gsea level A and at an albitude of 50,000 feet B. The axial-flow com-
pressor operated along the steep portion of the compressor corrected
speed line. Consequently the upward shift of the operating line combined
wlth the shift in the corrected speed line as the altitude was increased
moved the compressor operating point to a higher pressure ratio and lower
corrected sir flow. The centrifugal-flow compressor, on the other hand,
operated on the more nearly horizontal portion of the compressor corrected
speed line. Because of this characteristic, the downward shift in the
corrected speed line with incressed altitude more than offset the upward
ghift in operating line with the result that both the air flow and pres-
sure retio at the opersating point were reduced by an ipcrease in sltitude.
These shifts in campressor operating point with an accompanying réduction
in compressor efficlency at high altitude are reflected in the over-all
englne performance.

The effects of these changes in compressor operating point, with.
atitendant changes in turblne operating point, and the reductions in com-
bustion efficiency at altitude on over-all performence of both an exial-
end a centrifugsl-flow engine are illustrated in figures 20 to 23. These
figures present the primery performance variables of engines B and F as
functlions of Reynolds number index for constant corrected engine speeds
and flight Mach numbers. The performance varisbles include the corrected
jet thrust paremeter, the corrected alr flow, the corrected turbine-
outlet total temperature, and corrected fuel flow. Each variable is
presented as the ratio of the corrected sltitude value to the value at
sea level. ' '

As altitude was increased and the Reynolds number index reduced, the
corrected jet thruet paremeter was incressed for the axial-flow engine _ -
and, except at one condition, was reduced for the centrifugal-flow englne
(fig. 20), although the corrected air flow (fig. 21) was reduced for both
engines. The shift in operatlng point.of the axial~-flow compressor to a
higher pressure ratio as shown in figure 18(c) end the reduction in effi-
clency were reflected in an increase in tufbine—outlet total temperature
at reduced Réynolds number indices (figs. 22(a) to 22(c)), which was
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accompanied by an increase in turbine-ocutlet total pressure. These
increases with altitude more than offset the reduced gir flow with the
resulting rise in corrected jet thrust parameter. The shift in opers-~
ting point of the centrifugel-~flow compressor to a lower pressure ratio
(fig. 19(c)), in =addition to the reduced efficiency (fig. 12), resulted
in an increase in corrected turbine-outlet temperature only at very low
Reynolds number indices for the two lower engine speeds (figs. 22(e) and
22(f)) and a decrease in ‘turbine-outlet total bressure at each speed.
The combined reduction in corrected air flow and turbine-outlet total
pressure offset the rise in turbine-outlet temperature, which thereby '
accounts for the drop In corrected jet thrust parameter of this engine
at high altitudes. . .

The decreases in both campressor and combustion efficiency resulted -
in the inecrease in corrected fuel flow at low Reynolds number indices
for both engines (fig. 23). The majorlty of thilis increase in corrected
fuel flow resulted from reduced combustion efficiency. Analysis of the
deta indicated that adjusting the fuel flows to unity combustion effi-
clency for all conditions greatly reduced the severity of the corrected
fuel flow variation with Reynolds number index. In one case, rated
speed with the centrifugal-flow engine, the corrected fuel flow adjusted -
to unity combustion efficiency actuslly decreased with decreasing Reynolds
number Index. This reduction resulted from the reduced corrected air flow
and constant turbine-outlet temperature for that operating condition.

The veristion of generalized performance with altitude or Reynolds
number Index for other current exial- and centrifugal-flow turbojet
engines has been shown elsewhere (references 2, 3, and 15 to 18) to
exhiblt trends similsr to those shown for engines B and F. Therefore,
although the magnitude of the veriations differ from one engine to )
another, and in one case between two englnes of the same design (refer-
ence 3), the trends illustrated here are typical.

Comparison of Corrected Engine Speed and Reynolds Number
Effects on Altitude Performance

An effect of altitude which is generally overlooked in discussing
performence of isolated turbojet engines is the difference in performence
variations, primerily, corrected thrust, with corrected engine speed from
one engine to another. Such differences in the slope of the corrected
net thrust curve plotted against corrected engine speed is often of such
magnitude to completely overshadow the Reynolds number effects.

These differences are lllustrsted by the variation of corrected net
thrust with corrected engine speed, shown In figure 24 for centrifugal-
flow engine ¥ end axial-flow engine B, the two engines for which perform-
ance data were presented in figuwres 5 Ho 8. The corrected thrust 1s
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presented as a fraction of sea-level thrust at rated speed and the cor-
rected speed 1s presented as a fraction of rated speed. Consequently,

the sea~level thrust ratio for both engines is unity at rated corrected
engine speed. The corrected thrusts at sea level and at an altitude of
50,000 feet are shown for engines F snd B st fl1ight Mach numbers of 0.67
and 0.82, resgpectively. This small difference in flight Mach number has
an insignificant effect on the slope of the curves. As altltude is
increased with an attendant reduction in ambient slr temperature, the
coxrrected speed and corrected thrust increase, until at an altitude of
50,000 feet the corrected speed ratio is 1.14 when the engines are oper-
ating at rated speed. A predicted corrected thrust at rated speed and
based on sea-level data is indicated et ‘this operating point on the sea-
level curve. Because of the Reynolds mumber effects prevliously discussed,
the thrust curve for an altitude of 50,000 feet ie displaced as shown and
the ‘actual thrust available occurred at slightly less thean the rated speed
condition for both engines, because of the turbine-temperature limitations.

9252

It is apparent from these data that at an sltitude of 50,000 feet
both the actual and predicted corrected thrust of the centrifugal-flow
engine reached a conesiderebly higher percent of sea-level thrust than
for the axlal-flow engine. In the succeeding discussion, the magnitude
of these differences in the ratio of corrected altitude thrust to sea-
level thrust will be compsred wlth the magnitude of the Reynolds number
effect on maximm thrust at altitude.

Reynolds number effects. - The reduction in engine speed required
as altitude was increased to avoid excessive turbine temperatures is
thown in figure 25(a) for five engines (A, B, C, G, and F). In each
case the temperature-limlted speed was restricted below the rated speed
a8 altitude was increased; the reduction was 1 to 10 percent for the five
engines at an altitude of 45,000 feet. The attendant variation in maxi-
mur thrust with altitude compasred wlth the value predicted from sea-level
deta is shown in figure 25(b). For each engine, except engine B, the
maximom thrust fell below the predlcted velue and, at an altitude of
45,000 feet, varied from 1/2 percent above to as much as 14 percent below
the predicted value. The opposite trend for engine B resulted from the
upward shift in the corrected thrust curve wilth incressed altitude shown
in figure 24(b), which more than compensated for the effect of the reduc-
tion 1n meximum speed. 'Differences In masgnitude of the trends among
englnes were dependent on the amount the air flow was affected by speed
reductions and the mesnner in which the compressor operating poilnt wes
shifted by the Reynolds number effects.

Varlgtion of the ratioc of actual to predicted specific fuel comn-
sumption with altitude ie shown in figure 25(c) for the same conditioms.
Because of reductions 1n both compressor efflciency and combustion effi-
clency, the specific fuel consumption of each engine, except engine A,
Increased at high sltitudes sbove the predicted:value. With thls excep-
tion, the specific fuel consumption at an altitude of 45,000 feet was
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3 to 20 percent higher than the predicted values. The reduction in spe-
cific fuel consumption for engine A resulted primarily from the fact that
the compressor operated at a considerasbly higher efficiency at the reduced
speed gt sltitude than thet predicted from ses-level dats for rated speed
operation. ’

It might be expected that use of & variable-area exhsust nozzle,
which permits operation at rated speed and limiting turbine temperature
at all altitudes, would reduce or eliminate this difference between
actual and predicted thrust at altitude. In order to explore this pos-
8ibllity, variation with altitude of the ratio of meximm thrust with a
verteble-area nozzle to maximm obtainsble thrust with a fixed-area noz-
zle is shown for the five englnes in figure 26 (a). Exhsust-nozzle vel-~
oclity coefficlents of the flxed- and varlable-~area nozzles were assumed
equal. These data indicste 1little or no gein in meximm thrust at alti-
tude by use of the varisble-area nozzle, except for engine C, which
gained 4 percent in thrust et an altitude of 45,000 feet. Anelysis of
the performance of this engine indicsted that at & higher flight Mach
number, comparable wlth that of the other engines, most of this gain
would venish. Comparison of the specific fuel consumptions in figure 26(b)
shows that for all but one engine the gpecific fuel consumption at high
altitudes was higher for rated speed operstion st limiting temperature
then at the tempersture-limited speed with a fixed nozzle.

These trends can be explained by use of figure 27 which presents the
variation of corrected aslr flow asnd compressor efficiency with corrected
engine speed for each engine at high altitude. The temperature-limited
speed. of each engine is indicated on the figure by tlcks on the curves
and the common value of rated speed is indicated by the vertical line.
Although the air flow for each engine rose slightly wilith the incresase
from tempersture-limited speed to rated speed (fig. 25(a)), the compres-
gor efficlency was reduced because the engines were operating on the
negative slope of the compressor efficlency curves. The consequent
reduction in compressor efficliency for operation in this region resulted
in & decrease 1n total pressure ratlo across the engine Pj 1 In most
cases, this decrease 1ln engine pressure ratio nearly offset the increase
in air flow thereby resulting in little or no Increase in thrust aend =
rise in specific fuel consumption (fig. 26).

When the edded weight, complication, end possible lower velocity
coefficients of the varigble-ares nozzle as compared With those of a
fixed~area nozzle are consldered, there is no gpparent advantage in using
a variable-ares nozzle to permit operation &t rated engine speed at alti-
tude. Actually, the varisble-area nozzle would be detrimental in some
cases, because of the rise in specific fuel consumption.

Corrected engine speed effects. - Consideratlon will next be glven
to the effett of corrected engine speed on the corrected performsnce at
gltitude and the magnitude of differences in this effect from one engine
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to another as compared with the Reynolds nimber effects. In order to
isolate the corrected speed effect, the varlstion with sltitude of the
ratio of maximum corrected net thrust predlcted at altitude to sea-level
thrust at rated speed is shown in figure 28(a). These data illustrate

the increase of this . corrected net thrusgt ratio with altitude as corrected

engine speed was lncreased by the reductlon in ambient air temperature.
As shown, the thrust ratio for centrifugal-flow engines ¥ and G increased
to slightly over 1.70 above the tropopause as compared with approximately
1.35 for axisl-flow engines A and B. In.other words, on the basis of
‘sea-level performence dats, 1f the sea-level thruste of these englnes were
equal, thrust of engines ¥ and G gbove the tropopause would be gpproxi-
mately 26 percent . higher than that of engines A and B. The data for
engine C are not directly comparsble with the other data because of the
difference In flight Mach number. Examination of the performance data
indlcated that ralsing the flight Mach number from 0.25 to 0.60 would
reduce the thrust ratio of this englne gbove the tropopause by approxi-
mately 5 percént because of differennes in slope of the net thrust S
curves.

For each engine the ratio of predicted to sea-level specific fuel
consumptions decreased up to the tropopsuse (fig. 28(b)), except for
engine A, which suffered a severe reduction 1n compressor efficiency at
high corrected engine speeds. In general, the reduction in specific fuel
consumption was greater for the engines having the greatest rise in pre-
dicted to sea-level thrust ratlio with an increase 1n altitude.

Comblning the Reynolds number effect shown in figure 25(b) with the
corrected speed effect (fig. 28(a}), to give the ratio of corrected maxi-
mum net thrust at saltitude to sea-level net thrust at rated speed, resulis
in the trends shown in figure 29(s). At an altitude of 45,000 feet the
thrust ratios for the axisl-flow engines fell between 1.23 to 1.34 &s
compared with 1.53 to 1l.61 for the"centrifugal -flow engines. Corres-
pondingly, if all engines had.the same thrust at sea level, the
centrifugal-flow engines would give 14 to 31 percent more thrust at an
altitude of 45,000 feet than the axial-flow engines.

The ratlc of actual to sea-level specific fuel consumption remained
essentially constant up to an altitude of about 30,000 feet for the axial-~
flow engines and decreased rather rapldly for the centrifugal -flow engines

(fig. 29(b)). Above this altitude, the specific fuel consumption increased

very markedly for the centrifugal-flow englines and more gradually for the
axigl-flow engines., This 1ncrease was mainly due to_ reduced compressor
and combustor efficiencies. '

The differences in the trends of the thrust ratio between the axial-
and centrifugal-flow engines is not inherent in the respective compressor
types, but is associated with the relative air flow per unit flow area of
the compressors when they are cperated at rated corrected speed and above.

| 9202
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This comparison is illustrated by the corrected air flow and compressor
efficiency shown for each of the five engines in figure 27. These dsta
show that the corrected alr flow for the centrifugal-flow engines con-
tinued to incresse more rapldly than that for the axlsal-flow engines
gbove rated corrected speed, which accounts for & smell portion of the
difference in the ratio of altitude to sea-level thrust. The difference
in air flow characteristics results from the fact that the axisl-flow
compressors, particularly those of engines A end B, had & very high sir
flow per unit area and were near choking in the early stages at rated
speed, whereas the compressors of englines F and G were still operating
below the choked condition at this speed.

The manner in which differences in compressor characteristics among
the enginesg, K and associated interactions of the other components affect
the total pressure ratio P4/Pl and total temperature ratio Té/Tl

acrosgs these engines is shown in figure 0. As 11lustrated, the engine

- pressure ratlos roge considergbly more rspldly above rated corrected
speed for the centrifugel-flow engines than for the axlsl-flow engines.
Although there was no conslstent trend in engine temperature ratioc with
engine type, the effect of this varisble on thrust is considerably less
than that of engine pressure ratio. It 1s the summation of these dif-
ferences in trends from one engine Yo snother, in addition to differences
in air flow characteristics, which account for the marked differences in
the ratio of maximum altitude corrected thrust to rated sea-level thrust.

It may therefore be expected that an engine designed for a high air
flow per unit flow area, snd consequently opersting with the flow restric-
ted by inlet choking at rated corrected speed and above, will have a con-
slderably lower thrust at high altitude than an engine with equal sea-
level thrust, but designed for a sufficlently low alr flow per unit flow
arez to permlt operation at rated corrected speed or above with the 1lnlet
unchoked. This characteristic is an important consideration both in
engine design and in selection of an engine for a high-sltitude aircraft.

CONCLUDING REMARKS

The compressor and the combustor asre the only two engine components
found to have performance characteristics which were affected over a wide
range of gltitudes. Two engines exhibited a slight decrease in turbine
efficiency, and two had a slight rise in combustor total-~pressure-loss
ratio at very low engine-inlet pressures, corresponding to flight at alti-
tudes above 50,000 feet. The reduction in compressor efficiency and cor-
rected alixr flow with Reynolds number index and the reduction in combustion °
efficiency with reduced altitude pressure are the factors which result in
faillure of engine performance to generalize for all gltitudes and which
therefore have a detrimentsl effect on the altitude performsnce of turbo-
Jet engines. In general, the effect is to increase the turbine-cutlet
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temperature at rated engine speed as the altitude is rasised; a speed

reduction is thus required to avoid exceeding the turbine temperature

limit. The attendant reductions 1n compressor efficiency and corrected
air flow at reduced Reynolds number Indices reduce the thrust below the
value predicted from a sea-level performence calibration. Also, the ) T
combined effects of reduced compressor and combustor efficiencies at - ——=-
high sltitudes result 1n an appreciable increase in specific fuel con- o
sumption above the predicted values. R

An altitude effect which was found to be of considersbly greater 8
Importance than the effect of Reynolds number index was the corrected e
engine speed effect. It was found that the rate of increase in corrected

net thrust with corrected engine speed, and consequently the rate of ST
thrust decay with altitude, differed considerably from one englne to

another. When the five engines discussed were assumed to have equal

thrusts at sea level, the maximum thrust at an altitude of 45,000 feet

differed from one engine to ancther by as much as 26 percent because of

the corrected engine speed effect slone. The combined corrected engine

speed effect and Reynolds number effects resulted in differences in mex-

imum thrust st this altitude of as much as 31 percent between the engines

having the highest and lowest thrusts. The corrected engine speed effect

is attributable to the compressor alr flow and efficiency chearacteristics .
and attendent interaction of the other cdmponents; The englines with com~ K
pressors designed to handle a bhigh air flow per unit flow area, and which
consequently have some of the stages choked at high engine speeds, exhib-

ited a more rgpid thrust decay with altitude than those designed for -
lower air flows. It i1s therefore importent that these characteristics

be consldered when the initisl design criteria for an engine and com- _
pressor are being established. Furthermore, when an engine 1s selected = = -
for a specific mission, the cholce ghould be based on the performance “
at design altitude rather than on the sea-level rated thrust and 5pecific --
fuel consumption. _ -

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aercnautics
Cleveland, Ohio.
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APPENDIX - CALCULATIONS
Symbols
The following symbols are used. in this report:

cross-sectional area, sg Tt

A

B thrust scale or thrust digphrasgm reading, 1b
D external drag of installation, 1b |
a dismeter, ft

FJ Jjet thrust, I1b

Fp net thrust, 1b

f/a  fuel-air ratio

g accelergtion due to gravity, 32.2 ft/sec2

H total enthalpy, Btu/1lb

Hf’ enthalpy of fuel components in products of cambustion, Btu/lb

h, lower heating value of fuel, Btu/lb

M Mach number -

K engline speed, rpm

P total pressure, 1lb/sq ft sbsolute

D stetic pressure, 1b/sq £t sbsolute

R universal gas constent,53.4 £t-1b/(1b)(CR})
Re Reynolds number

T total température, °R

T, indicated temperature, °R

t static temperature, °R-

v velocity, ft/sec
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Wy, alr flow, 1b/sec

We fuel flow, 1b/hr

Wg gas flow, 1b/sec

e ratio of specific heats for gases

3] ratio of engine inlet gbsolute total pressure to absolute total
pressure of NACA standard atmosphere at sea 1evel

| efficiency

e ratio of engine inlet absolute total temperature to abeolute total
temperature of NACA stenderd atmosphere at sea level

n absolute viscosity, slugs/ft sec

p dengity, slugs/cu ft

Q ratio of air sbsolute viscosity at englne-inlet total temperature
to alir absolute viscosity at total temperature of NACA standard
atmosphere at sea level

Subscripts: . i .

0 free stream

L engine inlet

2 campressor ocutlet

3 turbine inlet .

4 turblne outlet

5 teil-pipe nozzle outlet

a alr

b combustor

c compressor

e engine

T fuel
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m © fuel manifold .

8 tall-plpe segl at bulkhead
t ‘turbins

x inlet duct at slip Joint

Generalized Performance Varisbles

The generallzed engine performsnce varisbles used in this report
are defined es follows:

Fi + ' L
Ty * RSP0 rrected Jet thrust parameter, 1b

5
F,/8 corrected net thrust, 1b

R/~/6 corrected engine speed, rpm

T, /0 corrected turbine-outlet total temperature, °R
Eégzlg: corrected air flow, 1b/sec

We/(5 ~/6) corrected fuel flow, lb/hr

Wf/F ~/@ corrected net thrust specific fuel consumption,
n
1b/(hr)(1b thrust)

Methods of Calculation

Total temperature. - Total temperatures were calculated from the
indicated temperabures, using a thermocouple recovery factor of 0.85,
and the values of pressure and ratio of specific hegats at the respective
gtations in the englnes.

yaul |
Ty E) 7
(P = . | (1)
1 + 0.85 (%) T
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Alr flow. - For the axiel-flow engines, the air flow was calculated
from pressure and temperature measurements obtained at the englne inlet

(station 1)

Z1 2L
N [

The same expresslon was used for calculating the centrifugal flow englne
air flows with the tall-plpe outlet measurements (station 5) substituted
in place of the englne inlet values.

Compresgor efflcilency. - The adisbatic temperature-rilse compressor

efficiency for both the full-scale. engine and campresgor camponent Ilnmtal-

latlons was calculated by the following equation

(4)

where 7 1s the ratlo of specific heats corresponding to the average
total temperature of the air flowlng through the compressor

Turbine efficiency. ~ Turbine efficisncy was calculated from the
equatlon: e . .

(5)

ﬁ) 7
F3

where 74 1s the ratio of specifiic heats corresponding to the average

total temperature of the gas flowlng through the turbine. To obtailn
turbine-inlet temperature, the enthalpy at the turbine inlet was calcu-
lated from the turbine-outlet temperature and compressor temperature
rige; compressor and turbine work were assumed egual.

W
H3 = i‘fz (Ez - Hl) + E4 o _ (6)

Turbine-inlet temperature wes then determined by the use of enthalpy
charts.

s
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Combustion efficlency. - Combustion efficiency was calculated from
the enthalpy rise across the combustors by the following equatlon:

g H! - -
m = Hy,5 + /a.(f%fhﬁf) Haz e

The enthalpy of the fuel components in the products of combustion E'p

was determined Ffrom the hydrogen-carbon ratio of the fusl and the calcu-
lated turbine-inlet temperature by the method. described in reference 19.

Thrust. - For engines installed 1n the altitude wind tunnel, the
measured torust was detemined from balance scale measurements 'by nse

. of the relation

Wy
FJ=B+D+EVx+Ax (Px -'PO)
where the external drag D was determined from power-off
Because there was no measureble external dreg or initlasl momsnitum

for engines installed in the altltude chamber, the measured Jet thrust
wasg determined from force measurements on the thrust dlaphregm by the

‘ relation

where Pl was taken as the static pressure 1n the Inlet sectlon of the
chambexr.

The calculated Jjet thrust, which was determined from pressure and
temperature measurements atb the turbine outlet was calculaebed by the
relation o

74—1
W, 2y - Po\ 74
. 8N ‘= __ ~{ =
Fy = e T gRT, | 1 7, (10)

Net thrust for each engline was calculated using the measured thrust
in the following equatlon:

Wa
Fa=F3-2T (11)

where free-gtream veloclty VO was calculated from engine inlet total

Pressure Pl and temperature T; and free-gtream static pressure pg, -
assuming complete free-stream ram pressure recovery at the sngine Inlet.
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Reynolds number index. - In developing the expression for Reynolds
number index (reference 8), Reynolds number of the engine may be -
expressed as:

_ % | -

Re 12
™ (12)

In the case of a turbolet enmgine, it is convenlent to conslder the masas ) oy
velocity p;Vy as the mass floy per unit frontal area Wa/Ae. The : &

Reynolds nwiber l1s then

o - ‘1_9_(_‘13___11*@_ . | ()

Reynolds number 1s not a convenlent parsmeter because mags flow 1s a
a function not only of the pressure and temperaturs of the lnlet alr, but -
1s also dependent on two other Independent varlables, corrected englne .
gpeed and compressor pressure ratio. A more convenlent parameter for S
consldering the effects of fluld vliscosity is N

dePl
Z (14)

1

Thils parameter is related to the ratlio of Reynolds number fo Mach number o
and its value depends only on the condition of the alr et the sngine i -
Inlet. In generalizing engine data, It is convenient to use & in place
of P and 6 1In place of T. When the same reasoning that led to the
development of & and 6 18 followed, another guantity ®, is defined
as ¢
- viscoslty at engine-inlet total temperature

vigcosity at total temperature of NACA standard sea-level atmosphere

(1s5)

When the quantities 8, 6, and ® are used in equation (14) in place of
P, T, and" p, respectively, and the constants de, v, and R are omitted,
the following form of Reynolds number index 1s obtalned:

®

Reynolds number irdex = —S— . - | (16)

0~/6

The valus of thls Reynolds number index 1s 1.0 at NACA standard sea-level
pressure and tempersature. ' _ o
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(b) Total-pressure tube and thermocouple instrumentation
at compressor inlst.

Figure 4. - Typical survey rake installations.
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(c) Static-presaure tube ins'&nmen‘bation at compressor outlet.
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(&) Total-pressure tibe ani thermocouple instrmentetion at compressor outlet.

Figure 4. ~ Contlinued.

Typical reke Installstions.
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(o) Total-pressure tube instrumentation at turbine inlet.

Figure 4. -~ Continued. Typlcal survey rake Installationsa.
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(g) Total- and static-pressure tubes apd thermocouple instrumentation at exhaust-nozzle outlet.

Flgure 4. - Concluded, Typical survey rake installstions. Lo
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